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Introduction
The primary goal for this proposed research is to develop a novel optical technique that is capable of detecting the presence of harmful biological aerosol particles at ambient concentrations. Currently, there are no reliable means for accurate "real-time" detection and identification of hazardous biological aerosols. Early warning systems are badly needed that are capable of instantaneously detecting the presence of airborne biological warfare (BW) agents. Existing point-detection methods typically involve fluorescent antibody tagging and other biochemical methodologies require long periods of time to process and analyze. Such systems also require an a priori "guess" as to what specific antibodies should be considered. As a result, such biochemical specific systems are easily thwarted by choosing a slightly atypical agent or variant species.
If the rapid detection and identification of BW agents is a primary objective, then direct optical probing must be considered. Various promising methods that rely on inelastic phenomena induced by laser radiation include Raman scattering, plasma emission, fluorescent emission, and thermal emission (1-7). However, Raman, plasma emission, and fluorescent emission are strongly affected by subtle changes in many chemical and physical parameters that make reliable deployment in real-time application extremely difficult, e.g., molecular-chemical structure, interactions between adjacent molecules, internal distribution of refractive indices, and particle shape. In addition, they also depend on the parameters of the excitation laser, i.e., intensity wavelength and incident direction (8, 9) . In contrast, the measured thermal emission from a single particle depends solely on two physical parameters: temperature and emission cross section (10) (11) (12) . Equation 1 shows the spectral intensity, emitted by a unit area of particle surface, (
where is the particle spectral emissivity cross section and ( is the Planck function, i.e., the radiance of a blackbody at temperature . * According to the generalized Kirchhoff's law, the emission cross section of the thermal radiation for an arbitrary object, for a given wavelength, polarization, and direction, is equivalent to the absorption cross section at the same wavelength and polarization state, except the direction of the flux is reversed. † Van de Hulst and Bohren extend the Kirchhoff relationship to small aerosol particles and state that the measurement of the emission cross section, yields the same * In general, the emissivity is a function of wavelength, direction, and temperature, but for the case at hand we assume modest temperatures, well below ionization, and that the radiance is captured over a sufficiently large enough solid angle so as to reduce directional variation. microphysical properties for small arbitrarily shaped particles as the absorption cross section, α(λ) (13, 14) . However, as pointed out by Bohren, Hottel et al., the assertion that the thermal system(s) must be in thermal equilibrium for Kirchhoff's law to be valid is not entirely true, and as a result, the Kirchhoff's relations are still valid for non-equilibrium so long as they are best characterized as behaving like a gray-body system. Hottel states for a gray-bodies (emissivity less than 1), Kirchhoff's analysis, which relates the spectral emissivity to spectral absorptivity, is still valid even if the body is not in thermal equilibrium so long as the absorption cross section is not affected by changes in temperature of the radiation source.
Nonetheless, it is not our immediate goal to quantitatively measure the absorption spectra via the measured emission (although there appears a theoretical basis for doing so), we merely assert that unique absorption features inherent in complex bio-molecular materials/particles will be present in corresponding emission spectra when measured in the thermal IR, i.e., approximately 3-12 µm. Additional, we intend to show that these features inherent in the spectra will be highly reproducible regardless of changes in particle size or shape.
Additional information about the structural nature of the particle can be deduced by considering the rate at which the particle dissipates its thermal energy. A measurement of the so-called "characteristic cooling time," τ, refers to the time required for particle heat transfer to the surrounding gas. It is well known that for a given size particle, the rate at which the particle cools is a measure of whether the structure is solid, liquid, or amorphous (15, 16).
Let's consider possible mechanisms involved for particle cooling after it has been heated to some temperature, T p, above the surrounding gas temperature, T g , where T p > T g . There are three processes that cause cooling of the particle: (1) heat transfer to the surrounding gas, (2) heat energy lost due to radiation, and (3) particle evaporation. The total heat flux from the particle in the free molecular regime is ,
, (3) where is the gas pressure, and are the mass and average velocity of the gas molecule, is the total particle emissivity, and are Boltzmann and Stefan-Boltzmann constants, is the flux density of vapor leaving the particle, and is the specific heat of evaporation. The first term on the right-hand side of equation 2 represents the heat of conductivity in a free-molecular regime with the assumption of diffuse reflection of gas molecules at the particle surface (17) . The second and third terms represent heat loss due to radiation and evaporation, respectively, and are assumed small so long as the particle heating is kept moderate and we consider the bioparticle to be particulate in nature (a condition that can be relaxed later).
We now consider a typical energy balance equation for the cooling cycle of a particle after the heat source is removed. The rate at which the particle cools is given by ,
where T p is the instantaneous temperature of the particle, is the mass of the particle, and is the specific heat of the particle. Combining equations 4 and 2 and integrating over time, t, we find the solution corresponding to particle temperature T p (t) of the form ,
where is the initial temperature at t = 0, and the reservoir of surrounding gas is assumed large enough so that T g remains constant. The parameter τ is taken to be the characteristic cooling period for the particle due to heat transfer to the surrounding gas. To get an order of magnitude for anticipated values of τ, we consider a glycerin particle of varying diameters, with the following physical parameters: mass-density, 1.27 (kg/m3); thermal conductivity, K = 0.29 (W/mK); and a specific heat value of = 2.43 (kJ/kg*K).
Fourier heat-conduction calculations are conducted in which the characteristic cooling period is plotted as a function of particle radius based on the final condition, = 0.90, i.e., the particle has cooled to within 10% of the ambient surrounding gas temperature (figure 1) (18). Figure 1 . Plot of the characteristic cooling period, τ (seconds), for a spherical glycerin particle heated to some initial temperature T p , and T g is the temperature of the surrounding gas, where τ has been calculated for the condition = 0.90.
The anticipated range of diameters for our study are expected to be between 1-30 µm. Based on the results calculated for glycerin shown in figure 1 (considered conservative since the thermal conduction coefficient for particulates are much higher), the anticipated characteristic cooling periods will range from approximately 1.0 µs to 10.0 ms. Minimum integration (and readout) periods for the time-gated 32-element mercury cadmium telluride (MCT) linear array are 10 µs. Based on these parameters, we anticipate being able to temporally resolve multiple spectra as the particle cools, resulting in a direct measure of τ. From these values, we hope to infer additional "structural" information about the particle. It is our hope that when coupled with corresponding measured absorption/emission IR spectra, this novel/new information set will improve the ability to detect, distinguish, and identify harmful toxic bioaerosols at trace levels.
Experiment
A simple schematic highlighting key components necessary for conducting single particle thermal emission spectroscopy (SPTES) is shown in figure 2 . The diagram shows a conventional "dynamic" free-flowing particle delivery system similar to that described by Pan et al. (5) . In figure 2 , test particles are transported and focused to a sample volume (~300 µm in diameter) using a flow cytometry arrangement. This consists of two isokinetically matched nozzles, one for focusing the particle into the sample region and one to capture/collect the particles after optical probing has occurred (19) . In order to properly gate and trigger the heating laser pulse and subsequent emission capture, two intersecting diode lasers (operating at 635 and 780 nm) are used to define a trigger volume along the particle's trajectory. Once the particle has exited the focal nozzle, it enters the trigger volume and scattered light is detected using a set of bandfiltered Hamamatsu miniature photo-multiplier tubes (PMTs). Only when the particle is in the correct location will both beams simultaneously trigger the probe laser (used for heating), and after some pre-determined delay, the time-gate for spectrometer signal integration is turned on. At the current flow rate of 0.8 liter/min, we estimate a signal integration time to be on the order of 10-20 µs. Our goal is to slow this rate down to 0.1 liter/min (without losing particle position accuracy) in order to increase integration period(s) to the 1.0 m/s range. In order to generate sufficient levels of thermal emission, we expect to heat the particulate bioparticles to temperatures in roughly the 200-300 °C range. To accomplish this, the output from a pulsed, 1.06-µm neodymium-doped yttrium aluminum garnet (Nd:YAG) laser is used to illuminate the test particle. Laser intensity are greatly attenuated to ensure that heat rates are kept to a minimum to ensure that the particle remains intact and does not undergo any form of meaningful phase change.
The resultant thermal radiance is captured using a highly efficient gold-coated Schwarzschild objective with a numeric aperture (NA) of 0.50. The broadband thermal radiance is focused into 190-mm Horiba spectrometer where the radiance is dispersed onto an ultrafast, time-gated, liquid nitrogen (LN2) cooled 32-element MCT linear array. Spectral selection within the 3-12 µm waveband is accomplished using a three-grating turret that rotates a user-specified grating at the focal spot of the objective.
Two radiometric "tricks" will be incorporated to maximize signal to noise (S/N). First, a spherical concave mirror will be positioned so the hot particle is effectively imaged twice (figure 2). It is well known that that by properly positioning a spherical mirror slightly off-axis with respect to a point-source, the apparent intensity is nearly doubled by the return of the backward-propagating rays. Second, the background that the particle is imaged against will appear to be at a NL2 temperature of 88 K, thus greatly reducing the ambient noise levels. This is accomplished by projecting the image of the NL2-cooled MCT linear array back through the system and reimaging it at the particle via the spherical mirror, i.e., using the Narcissus effect inherent in cooled imaging systems as an actual cold source. To date, all of the previously described systems have been acquired, assembled, and tested, except for the Horiba spectrometer, which is due to delays in funding/procurement and technical issues encountered by the vendor involving the proprietary design of the ultra-fast data acquisition (DAQ) electronics.
Particle Trapping
Typical particle velocities in a free flowing arrangement as shown in figure 2 are predicted to be on the order of 10 m/s as the particles exit the focusing nozzle (20) . Based on a field of view (FOV) defined by the Schwarzschild objective of 500 µm, we predict a maximum integration period of Δt = 50 ms. As stated earlier, our goal is to reduce particle velocities to levels below 1 m/s (without losing the ability to focus the particle stream), resulting in a factor of 10 increase in the detector integration period. However, since the expected power emitted by a small micronsized particle is expected to be in the nW range, it would be advantageous to allow the MCT linear array to integrate on the radiant signal for as long as possible in order to establish our initial "proof-of-concept." ‡ Such a technique must allow for stable trapping and manipulation of small uncharged bioparticles in the size range 1-20 µm.
To accomplish this task by capturing and trapping small particles in free-space, several acoustic and optical techniques were examined, i.e., methods that rely on acoustic levitation, radiative pressure, and suspension of small particles using the photophoretic force (21) (22) (23) . Experiments ‡ Preliminary calculation based on conservative assumptions show that a 10-µm moderately absorbing particle heated to 100 °C will emit 80 nW into 3 steradians (expected collection efficiency). Using a single element LN2-cooled MCT detector with a noise equivalent power (NEP) of 7x10(-13) W/Hz, yields a detection S/N > 13 (assuming a sufficiently cooled background). We consider this a worst-case scenario and intend to optimize the system for substantially higher S/N.
showed that acoustic levitation was limited to macro-particles with diameters >100 µm with limited optical access, and techniques involving radiative pressure were relatively weak when compared to trapping using photophoretics. Results in our laboratory showed the photophoretic force method to be several orders of magnitude greater than the radiative force technique pioneered by Ashkin et al. (22) .
Photophoretic trapping occurs when a moderately absorbing particle is positioned within a null field intensity region of a focused laser, i.e., a small volume in which the optical intensity is a minimum surrounded by regions of high light intensity. Given these conditions, as a particle migrates towards a region of high intensity region that bounds the void region, optical absorption occurs resulting in non-uniform particle heating. Kinetic energy is transferred from surrounding gas molecules to the particle, exerting a net force away from the high intensity region thus forcing it back into a low intensity region. The particle is effectively trapped when the dimensions of the void and particle are approximately the same. Recently, since 2009, there are several methods in the literature describing how to generate laser-induced null fields appropriate for photophoretic trapping, some more complex than others, e.g., bottle-beam trapping, vortex beam trapping, and Bessel beam trapping (24) (25) (26) .
After a thorough review of the various methods designed to produce photophoretic trapping, we realized that the simplest means for generating these so-called null field points occur every time one attempts to focus a laser with an uncorrected spherical lens, i.e., common spherical aberration occurs near the focal region. When parallel rays aligned with the optical axis are focused using a common spherical lens, marginal rays (rays near the edges of the lens) focus at a slightly different point on the optical axis than rays that enter near the lens center (figure 3a, bottom). This results in "hot" and "cold" points along the optical axis in which a particle can be trapped. Initially, we were able to easily trap agglomerated carbon black particles using the output of a focused 5-mW helium-neon (HeNe) laser, but were unable to trap less absorbing biological-type particles. Because bio-materials are strong absorbers in the mid-IR, we attempted trapping with 1.064-and 10.6-µm laser systems, but had little success.
(a) (b) Figure 3 . (a) A well-defined focal spot for a spherically "corrected" lens (top) and the resultant trapping region(s) located along the optical axis that occurs when an uncorrected spherical lens is used to focus a laser beam, i.e., spherical aberration occurs (bottom). (b) A photograph of a 15-µm diameter stably trapped bacillus subtilis (BG) endospores using photophoretic force generated by a focused 50-mW HeNe laser.
After many failed attempts working in the IR, we went back to using the visible HeNe laser operating at 632.8 nm with which we had so much initial success. However, this time we observed a single, fairly unstable, at first, BG endospore agglomerate (maybe 5-6 µm in diameter) being trapped in a void region near the focal point of a plano-convex lens. As we observed the particle motion, we noticed that very small, single, 1-µm endospore particles were being propelled into the agglomerate via radiative pressures along the beam. The trapped agglomerate grew in size until it matched the void dimensions, resulting in a stably trapped bioparticle (figure 3b).
Our initial assumptions, which proved to be incorrect, were that the particle needed to be strongly absorbing at the particular laser wavelength. All prior studies describing success with photophoretic trapping used carbon-based particles, which are extremely strong absorbers in the visible and IR. This assumption proved to be incorrect. After further study, we concluded that weak to moderately absorbing particles could be stably trapped using the photophoretic technique; however, the following must apply: (1) the particle must have relatively low thermal diffusivity (which an agglomerate will exhibit) so that asymmetric particle heating can occur, and (2) the dimensions of the particle must match that of the created optical void(s).
Conclusion
In this preliminary report (year 1 of a two-year study), we describe the theoretical basis for measuring in situ emission spectra in the thermal IR region emitted by a single, optically heated bioaerosol particle. We believe that such spectra will offer additional information about the biochemical composition and nature of the particle. As a result, such a study will improve the ability of Department of Defense (DoD) and civilian scientists to develop new point detection sensors capable of detecting the presence of toxic bioaerosols at ambient concentrations.
We identify two key advantages for considering SPTES. First, by spectrally resolving the emission over a continuum in the mid-IR, intrinsic molecular characteristics that result from vibration, translation, and rotation transitions become apparent, thus producing a more definitive method for distinguishing, identifying, and/or classifying bioaerosols. Second, because SPTES does not rely on elastic or inelastic scattering, it is unaffected by the nature in which the particle is heated and, as a result, the emission spectra will be far less sensitive to changes in particle shape and/or size. This should result in a greater degree reliably and reduced false-alarm rates that plague current systems when "real-time" aerosol samples are considered (27) .
Much of our experimental focus during the first year has involved developing particle generation, capture, and delivery systems. We have developed both free-flowing and static particle positioning systems required for SPTES. Although there are many accounts documenting photophoretic particle trapping of carbon-related materials, we believe we are the first group to successfully trap and manipulate a moderately weakly absorbing bioparticle using simple spherical aberration.
During year 2, we intend to take delivery of a high-speed dispersive spectrometer and incorporate it into both our static and dynamic particle delivery systems, to measure, for the first time, the spectral emission and absorption from an optically heated aerosols particle in the spectroscopically rich region of the thermal IR.
